I. INTRODUCTION
The KN scattering interaction has been widely used to study the hyperon resonances.
In our previous work [1, 2] , we have analyzed the K − N → πΛ to study the Σ resonances, now we move forward to study the pure isospin-0 reaction K − p → π 0 Σ 0 to learn structures of the Λ resonances.
Many studies have been carried out to investigate the Λ resonances. Oset et al. [3, 4] used a chiral unitary approach for the meson-baryon interactions and got two J P = − resonance listed in PDG [5] is actually a superposition of these
− resonances. Manley et al. [6] and Kamano et al. [7] made multichannel partial-wave analysis of KN reactions and got results with some significant differences. Zhong et al. [8] analyzed the K − p → π 0 Σ 0 reaction with the chiral-quark model and discussed characteristics of the well established Λ resonances. Liu et al. [9] analyzed the K − p → ηΛ reaction with an effective Lagrangian approach and implied a D03 resonance with mass about 1670 MeV but much smaller width compared with the well established Λ(1690) 3 2 − . So there are still some ambiguities of the Λ resonant structures needing to be clarified.
Recently, the most precise data on the differential cross sections for the K − p → π 0 Σ 0 reaction have been provided by the Crystal Ball experiment at AGS/BNL [10, 11] . The Σ 0 polarization data were presented for the first time. However, with different data selection cuts and reconstructions, two groups in the same collaboration, i.e., VA group [10] and UCLA group [11] , got inconsistent results for the Σ 0 polarizations. Previous multi-channel analysis- [6] [7] [8] of the KN reactions failed to reproduce either set of the polarization data.
In the present work, instead of performing some sophisticated multi-channel analysis to stuck into various problems, as the first step, we concentrate on the most precise data by the Crystal Ball collaboration on the pure isospin scalar channel of KN reaction to see what are the Λ resonances the data demand and how the two groups' distinct polarization data [10, 11] influence the spectroscopy of Λ resonances. Consistent differential cross sections of earlier work by Armenteros et al. [12] at lower energies are also used.
This work is organized as follows. In Sec. II we present our theoretical evaluating procedure of the analysis. In Sec. III we show our study results and give relevant discussions.
Finally, a brief summary is organized in Sec. IV.
II. THEORETICAL FORMALISM
For the reaction are always included in our analysis.
FIG. 1: Feynman diagrams for
proton exchange; (c) s-channel Λ and its resonances exchanges.
In the t-channel K * exchange process, the effective Lagrangian is
The K * Kπ coupling constant can be calculated from the decay width of K * → Kπ, getting g K * Kπ = −3.23. As for the K * NΣ couplings, Refs. [13, 14] gave two sets of values:
Thus we limit g K * N Σ to be between −3.52 and −2.46, and κ K * N Σ to be between −1.14 and −0.47.
The u-channel proton exchange Lagrangian is given by
where g πN N = 13.45 and g KN Σ = 2.69 from the SU(3) symmetry [15] . We allow a factor between 1 √ 2 and √ 2 to multiply to g πN N g KN Σ for consideration of SU(3) symmetry breaking effect.
For the s-channel Λ resonances exchanges with different J P , the effective Lagrangians are
L Λ(
For Λ(1115) 1 2 + , the SU(3) flavor symmetry predict g KN Λ = −13.98 and g ΛπΣ = 9.32.
Considering SU(3) symmetry breaking effect, we multiply a tunable factor ranged from
For the Λ(1405) As listed in PDG [5] , Λ(1520) 3 
2
− has very narrow ranges of its mass, width and branching ratios to KN and πΣ, we fix its mass to be 1519.5MeV and coupling constants f KN Λ = 10.5 and f ΛπΣ = 2.12. We use the energy dependent width of Λ(1520), which contains the BlattWeisskopf barrier factor [19, 20] 
where s is the invariant mass of K − p system, Γ 0 = 15.6 MeV , c i is the branching ratio to the i-th final state, c KN = 0.45, and c πΣ = 0.42 [5] . p B i (W ) and E B i (W ) represent the magnitude of the three momentum and energy of the baryon in the decayed final system, respectively, i.e., p
and
is the Blatt-Weisskopf barrier factor [19, 20] for l = 2, and Q 0 is a hadron "scale" parameter as a tunable parameter ranging from 0.5 to 1.5 in our analysis.
The Λ(1670) At each vertex, an off-shell form factor is used. For the t-channel K * meson exchange, we use the form factor
where m K * , p K * and Λ are the mass, 4-momenta, and cut-off parameter for the exchanged
For the u-channel and s-channel baryon exchanges, the off-shell form factor is in the form
where M, q and Λ stand for the mass, 4-momenta and cut-off factor of the exchanged baryon.
The cut-off parameter is constrained between 0.8 and 1.5 for all channels.
The propagator for the vector meson K * exchange is
For the u-channel proton exchange, the propagator is
For the s-channel Λ(1115) exchange, the expression of the propagator is
While for other Λ unstable resonances, the propagators are in the Breit-Weigner forms
where Γ is the total width of the resonance and s is the square of the invariant mass of K − p system.
The differential cross section for K − p → π 0 Σ 0 in the center of mass frame is
where dΩ = 2πd cos θ, and θ is the angle between K − and π 0 in the center of mass frame.
k and k ′ represent the three-momenta of K − and π 0 in the c.m. frame, respectively. The amplitude M and its averged square can be expressed as
where p and p ′ represent the 4-momenta of proton and Σ 0 separately, λ and λ ′ stands for the spin index of proton and Σ 0 , respectively. A is the total amplitude despite the spin functions and A i denotes the i-th channel partial contribution.
The Σ 0 polarization is in the form [21] 
III. RESULTS AND DISCUSSIONS
The analyzed experimental data are from Armenteros et al. [12] , the VA group [10] and the UCLA group [11] of the Crystal Ball collaboration. The differential cross section data of these three references are shown in Fig. 2 . We can see that the differential cross sections from the VA group and the UCLA group of CB are compatible with each other, while some data points from Ref. [12] diverge from those of the two CB groups, but with large error bars. Fig.3 shows the total cross section data of the three references. The total cross sections of the VA group and the UCLA group of CB can be smoothly extended from the 4 lowermomentum data of Ref. [12] . So we will use the 4 low-momentum differential cross section data together with those from VA group and UCLA group of CB [10, 11] .
FIG. 2:
The differential cross sections from Ref. [12] , the VA group [10] and the UCLA group [11] of the Crystal Ball collaboration at similar beam momenta.
FIG. 3:
The total cross sections from Ref. [12] , the VA group [10] and the UCLA group [11] .
Considering the distinct polarization results of the VA group and the UCLA group, we will first only fit the differential cross sections given consistently by three experimental groups.
Then we will separately deal with the differential cross sections either with the VA group polarization data or the polarization data of the UCLA group.
Our fitting procedure is as follows. Firstly we include the t-channel K * , u-channel pro- A. Results of fitting only the differential cross section data from Refs. [10] [11] [12] When only fitting the 236 differential cross section data points of Refs. [10] [11] [12] , the fit without adding additional Λ resonance in s-channel has χ 2 = 1565. The fit compared with the experimental data is shown in Fig. 4 by the dashed lines.
When adding one additional resonance, the best fit is to add a J P = Table I . The fitted couplings for t-channel K * , u-channel proton and s-channel Λ(1115) and Λ(1405) are shown in Table II .
Instead of the Table III . Table IV .
Further, when we replace the Table V . This demonstrates that the new data from Refs. [10] [11] [12] , and corresponding prediction to the polarizations compared with data of Refs. [10, 11] . As comparison, fits by dropping the This suggests that no evidence for any more resonances from the data.
From our above investigation, we regard the fit given in Table IV as our most favored fit to the CB data on the differential cross sections. In this most favored fit, the PDG 4-star resonance Λ(1670) The predicted polarizations are more inclined to the data by VA group [10] . As comparison, fits by dropping the Since the two sets of CB polarization data Refs. [10, 11] are not consistent with each other, we will examine how each set of the polarization data influences our solution separately in the following two subsections.
B. Fitting the differential cross sections of Refs. [10] [11] [12] and polarization data from the VA group of CB [10] Based on our most favored solution in last subsection, we refit the data by including the polarization data from the VA group of CB [10] . The χ 2 is 550 for the 308 experimental data. The refitted parameters of Λ(1670) 1687.7 ± 1 112.7 ± 0.8 0.297 ± 0.002 solution only improves χ 2 by 0.5. Improvement by adding any new resonance with other quantum numbers is also insignificant. Dropping either 3/2 − or 3/2 + resonance in Table VII will increase the χ 2 by more than 100.
C. Fitting the differential cross sections of Refs. [10] [11] [12] and polarization data from the UCLA group of CB [11] If we refit the data using the polarization data from the UCLA group [11] instead of the VA group of CB [10] for our most favored solution, the χ 2 is 881 for the 360 experimental data points. The refitted parameters of Λ (1670) 1 2
− and the three additional resonances as well as the couplings for t-channel K * , u-channel proton and s-channel Λ(1115) and Λ (1405) are shown in Table VIII . The fits compared with data are shown in Fig. 7 . Compared with using the polarization data of VA group, the refitted parameters by using the UCLA data have larger difference from those without including the polarization data.
Including the 4-star resonance Λ(1690) 
IV. SUMMARY
We have analyzed the K − p → π 0 Σ 0 reaction using an effective Lagrangian approach.
By fitting different sets of experimental data by CB Collaboration, we obtain the following conclusions.
